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Piezoelectric polymers have been the subject of a lot ofwork since
the discovery of the piezoelectric behaviour of poly(vinylidene fluo-
ride) PVDF by Kawai in 1969 [1].The understanding of the molecular
origin of the ferroelectricity of PVDF [2e4] initiates the development
of its vinylidene fluorideetrifluoroethylene copolymers [5,6] (P(VDF-
TrFE)) and vinylidene fluorideetrifluoroethyleneechlorofluoro-
ethylene terpolymers [7,8] (P(VDF-TrFE-CFE)). Scheinbeim et al. [9].
discovered the ferroelectric behaviour of odd numbered polyamides
and showed that the remanent polarization is linearly dependent
upon the dipolar density of amide groups. More recently, a new class
of eveneodd polyamide PA 6,9 has been elaborated. Franco et al. [10].
demonstrate that the roomtemperaturecrystallinestructureofPA6,9
differs from the classic hydrogen bonded sheet structure of PA 6,6
.From a structural point of view, PA 6,9 might have analogies with
odd-even polyamides but the corresponding studies are mostly
concentrated on the crystalline structures andmechanical properties
[11]. As far as we know, the dielectric and the ferroelectric behaviour
of eveneodd polyamides have not yet been shown. In this work,
molecular mobility of dipolar entities of polyamide 6,9 has been
characterized using a combination of thermo stimulated current
(TSC) and dynamic dielectric spectroscopy (DDS). For the first time,
polarization and piezo/pyroelectric coefficients have been measured
showing the ferroelectric behaviour of polyamide 6, 9.2. Experimental section
2.1. Dielectric analyses
The polyamide 6,9 films were elaborated by melting the poly-
mer powder at 240 C in a hot press. The cristallinity ration cC of PA
6,9 obtained by DSC was measured near 16%. DDS was performed
on unstretched films of about 100 mm. In this case, a humidity
content of 1% has been determined by thermogravimetry analyses
[12]. A Novocontrol Broadband Dielectric Spectrometer system BDS
400 was used to measure the dielectric permittivity on extended
temperature and frequency scales. Isothermal measurements were
carried out in the frequency range of 101 to 106 Hz for temperature
varying from150 to 150 C by steps of 5 C. The complex dielectric
permittivity 3* extracted from dynamic dielectric spectroscopy
(DDS) was recorded as a function of angular frequency u and fitted
by the HavriliakeNegami function [13]:
3*ðuÞ ¼ 3N þ ð3s  3NÞ
1þ ðiusÞbHN
gHN (1)
where 3s is the static permittivity, 3N is the permittivity at high
frequency, and bHN, gHN are the HavriliakeNegami parameters. But
for symmetric mode (Cole Cole) as b relaxation for example, the gHN
parameter is equal to 1.
The dielectric loss modulus M00 is deduced from the real and the
imaginary part of the dielectric permittivity 30 and 300, according
with the relationship:
Fig. 1. 3D relaxation map of the dielectric modulus losses of PA 6,9 from DDS.
Fig. 2. Global TSC thermogram of PA 6,9 (E¼ 1 MV/m, Tp¼ 90 C). In the insert, low
temperature relaxations before (1) and after (2) dehydration are shown.M00 ¼ 300=

302 þ 3002

(2)
In the modulus formalism, MaxwelleWagnereSillars (MWS)
polarization which usually occurs in heterogeneous systems like
semi-crystalline polymers [14,15] is observed as a mode. In the 300
formalism, the MWS peak is sometimes hidden by the conductivity
rise.
TSC analyses were carried out on a TSC/RMA analyser. For
recording complex thermograms, the sample was polarized by an
electrostatic field Ep¼ 1 MV.m1 during tp¼ 2 min over a temper-
ature range from the polarization temperature Tp¼ 90 C down to
the freezing temperature T0¼160 C. Then the field was turned
off and the depolarization current was recorded with a constant
heating rate (qh¼þ 7 C.min1), the equivalent frequency of the
TSC spectrum was feqw 102e103 Hz. Elementary TSC thermo-
grams were recorded with a poling window of 5 C. Then the field
was removed and the sample cooled down to a temperature
Tcc¼ Tp 30 C. The depolarization current was recorded with
a constant heating rate qh .The series of elementary thermograms
was recorded by shifting the poling window by 5 C towards higher
temperature.
2.2. Ferroelectric analyses
For ferroelectric measurements, films were cold-drawn at room
temperature. In order to prevent voltage breakdown during the
poling procedure, the samples were covered by Castor oil and
measurements were made at low pressure (p¼ 2104 hPa). The
samples were poled under triangular shape electric field at room
temperature.
Piezoelectric measurements were carried out using a PM 200
piezometer supplied by Piezotest, with a strength of 0.25 N at
110 Hz in frequency. The piezoelectric coefficient d33 is measured in
the same direction than the polarization field.
Pyroelectric measurements were performed by a Keithley
femto-amperemeter. The samples were short-circuited during
5 min at room temperature and cooled to 170 C. They were
heated up to 100 C with a constant heating rate qh to eliminate
thermally stimulated currents. Then, they were cooled again to
170 C and the pyrocurrent was recorded as a function of
temperature. The pyroelectric coefficient p is proportional to the
heating rate and to the sample surface as indicated by its
definition:
p ¼ iðTÞ
qh  S
(3)
where i(T) is the current (A) as a function of temperature, S is the
surface area (m2). Piezoelectric measurements were carried out
after the pyroelectric tests to prevent any spontaneous poling effect
(internal stresses).
3. Results and discussion
3.1. Dielectric relaxation
3.1.1. Isothermal dielectric response
The molecular dynamics of the dipolar entities of PA 6,9 in the
high frequency range has been analyzed by dynamic dielectric
spectroscopy. The dielectric modulus losses M00 are presented in
Fig. 1. This formalism allows a better resolution of high temperature
modes that could be partially hidden by the MWS contribution.
Six relaxation modes are pointed out on the 3D dielectric
relaxation map. The low temperature g mode is attributed to themolecular mobility of aliphatic sequences of PA 6,9. It is now
generally accepted in polyamides that the g relaxation involves
a mobility of the methylene groups between amide linkages [16].
The b2 and b1 sub-modes are related to the mobility of
watereamide complexes and free amide groups respectively [17].
The a and a0 relaxations are attributed to the dielectric manifes-
tation of glass transition in the free amorphous phase and the
amorphous phase constrained by the crystallites respectively [18].
The MWS mode is associated with heterogeneities induced by
crystalline/amorphous interfaces [19].
3.1.2. Thermo stimulated dielectric response
The dynamic of dipolar entities of polyamide 6,9 in the low
frequency range has been studied using the TSC technique. The
complex TSC thermogram is reported in Fig. 2. Four relaxation
Fig. 3. Fractional and global (amplitude divided by 5) TSC thermograms of PA 6,9 for
a mode. In the insert the activation entropy versus the activation enthalpy of each
elementary process are reported. Fig. 5. Arrhenius diagram of the relaxation modes of PA 6,9 from combined DDS
and TSC.
modes are pointed out. The low temperature g relaxation at
150 C has been attributed to the molecular mobility of aliphatic
sequences of polyamide 6,9. The b relaxations involve the amide
groups of macromolecules. In order to establish the molecular
origin of the two components of this mode (b1 and b2), the
sample was dehydrated at 120 C for 30 min. The insert of Fig. 2
represents the TSC thermograms of PA 6,9 before (dashed line)
and after (solid line) dehydration, respectively. Amide groups are
known to interact with water molecules. For a dehydrated
sample, the amplitude of the b2 mode decreases and the one of b1
increases. Moreover, we note an anti plasticization phenomenon
for the b1 mode. These evolutions of bmodes allow us to attribute
the b1 component to free amide groups and the b2 component to
the watereamide complex relaxation [11]. The main dipolar
relaxation called a mode is located at Ta ¼ 70 C. This relaxation
occurs in the temperature range of the polyamide 6,9 glass
transition Tg as already observed by differential scanning calo-
rimetry [12]. Indeed all a and b relaxations are associated with
polar amide groups, the large relaxation magnitude of the amode
regarding the b one is due to the delocalisation of the molecular
mobility along the main chain over a sequence of several nano-
meters. Contrarily the b mode only implies oscillation of the
amide group or amideewater complex.Fig. 4. Activation enthalpy versus temperature extracted from TSC elementary
processes for b and a relaxation modes of PA 6,9.Fig. 3 shows the fractional TSC thermograms of the amode of PA
6,9. From the elementary processes, activation enthalpy (DH) and
pre-exponentional factor (s0) has been extracted. Activation
entropy DS has been calculated from s0 values. The values of DS and
DH report in insert of Fig. 3 are consistent with the values usually
report in the literature for semi-crystalline polymers [20]. We
observe a linear relationship between activation enthalpy and
activation entropy associated with compensation phenomenon
[20]. The corresponding relaxation times obey a compensation law:
s ¼ scexp

DH
R

T1  T1c

(4)
where R is the universal gas constant, sc is the compensation time
and Tc is the compensation temperature. For the a mode,
sc ¼ 3.102 s and Tc¼ 84 C i.e. Tgþ 25 C. Such a compensation
phenomenon is characteristic of the distribution of relaxation times
associated with the dielectric manifestation of glass transition.
Fig. 4 represents the activation enthalpy (DH) versus tempera-
ture for the b and amodes. TheDH variation corresponding to a null
activation entropy (also noted “Starkweather line” [21]) is
symbolized by the dashed line. The enthalpies of the b relaxation
are practically described by the “Starkweather line”. Contrarily,
activation enthalpies associated with the a relaxation depart from
the “Starkweather line”. It ascertains the localized behaviour of the
b relaxation mode and the delocalised mobility of the a mode. The
temperature range, the amplitude of the depolarization current and
the cooperativity of this relaxation mode allow us to associate this
relaxation with the dielectric manifestation of the glass transition
of PA 6,9.
3.1.3. Dielectric relaxation map
The relaxation times extracted from the dissipative part of the
dielectric permittivity by DDS are plotted on the Arrhenius diagramTable 1
Activation energies and relaxation times of g, b1, b2 relaxation modes of PA 6,9.
Relaxation mode Ea (kJ/mol) s0 (s)
g 31 2.5  1013
b2 58 1  1016
b1 99 2  1022
Table 2
VFT parameters and strength index D¼ 1/(aVTF T0) of a and a0 modes of PA 6,9.
Relaxation mode s0 (s) T0 (K) aVTF (K1) D
a 1  1010 293 1.6  103 2.1
a0 4  1010 239 4.45  104 9.4of Fig. 5. The relaxation times of b and a modes extracted from
fractional TSC measurements are also reported on Fig. 5. The three
sub-vitreous dielectric relaxations have Arrhenius behaviour. The
pre-exponential factors and the activation energies associated with
these modes are reported in Table 1.
The low activation energy values related to these modes confirm
their assignment to a localized mobility. This assumption is in good
agreement with TSC data. By extrapolation, a “merging” between the
sub-vitreous modes and amode in the high frequency range can be
expected. The a and a0 modes exhibit a VogeleFulchereTammann
(VFT) behaviour as for polyamide 11 [22e24]:
s ¼ s0exp

1
aVTFðT  T0Þ

(5)
the VFT parameters of each mode are reported in Table 2.
The VFT parameters of a and a0 modes are equivalent to VFT
parameters measured on PA 11. The strength index D¼ 1/aVTF T0,
generally used as a quantitative measure of fragility, of the a0 mode
is higher than for amode. It denotes that a0 mode has amore strong
behaviour according to Angell [22e24]. It is consistent with the fact
that a constrained amorphous phase has a higher density of
hydrogen bonds than a free amorphous phase.
The molecular mobility of dipolar entities in the amorphous
phase of PA 6,9 has a similar behaviour than odd polyamide.
According to these observations and to the chemical structure of PA
6,9 we might expect a piezoelectric activity.
3.2. Ferroelectric behaviour
Prior topolarizationprocess,polyamide6,9filmswerecold-drawn
to a ratio 3:1. The resulting stretched films were about 50 mm thick.
Then, a high electricfieldwas applied to polarize the PA 6,9 films. The
variation of the electrical field versus time has a triangular shape.Fig. 6. Hysteresis cycle for PA 6,9 during polarization process for 4 successive cycles
(1-, 2C, 3:, 4;). Arrows indicate the increase of PA 6,9 ferroelectric behaviour at
each cycle.During the polarization process, the current is measured versus
applied field and it is reported on Fig. 6. The measured current
increases with the applied electric field. The non linear behaviour of
I(E) is observed. For a poling field of 100 kV/mm, a shoulder appears
at 25 kV/mm. The amplitude of the shoulder increases with the
electric field. For an applied electric field up to 100 kV/mm,
the shape of I(E) curve is characteristic of a ferroelectric behaviour.
The maximum electric field that could be applied on the PA 6,9
sample is 125 kV/mm. For upper electric field voltage, a breakdown
is observed. As the amplitude of the shoulder increases up to an
electric field of 125 kV/mm, we assume that the sample is not fully
polarized.
Prior to pyroelectric and piezoelectric measurements, the
sample was heated up to 120 C in order to suppress thermo
stimulated currents. The pyroelectric coefficient measured at room
temperature is p33¼0.13 mC/K/m2. The piezoelectric coefficient
recorded in the poling direction is d33¼0.25 pC/N. The ferro-
electric activity of PA 6,9 is lower than the ferroelectric behaviour of
PA 11 [18,21,22]. The piezoelectric activity of the PA 6,9 is demon-
strated and it is consistent with conclusions from structural studies
of PA 6,9 [10] but also of odd polyamides [25]. The low electroactive
activity reported in this study has been attributed to the non
saturated poling state of the sample.4. Conclusion
Dielectric and electroactive properties of an eveneodd poly-
amide, PA 6,9 are reported. Dielectric dynamic relaxation in
a frequency range from 101 Hze106 Hz shows qualitative analogy
with polyamides. For g and b secondary relaxation modes, the
analogy of the chemical structures is responsible for analogous
behaviour. For the a primary relaxation mode, the density of
hydrogen bonds sounds to play a key role: for a number of meth-
ylene groups lower than 6 i.e. PA 6,6, a strong behaviour is
observed; when the number of methylene groups is higher i.e. PA
6,9 or PA 11, a fragile behaviour is found.
Up to now, only odd polyamides have been found to exhibit
ferroelectric activity. For the first time, a ferroelectric activity has
been pointed out in polyamide 6,9 after polarization up to 100 kV/
mm and before voltage breakdown that appears for 125 kV/mm
poling field. Theweak piezo/pyro coefficients could be explained by
a non saturated poling state PA 6,9. Such eveneodd polyamides
might be interesting for electroactive applications.References
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